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Abstract

Models of working memory (WM) have undergone arriesting, although slow evolution.
From the early concept of primary memory to thew long-term working memory the
concept has undergone some important changes. Tibeséll a great deal of dissent
concerning of what exactly WM is composed and/erghocesses involved. In this review of
the literature concerning WM, an area of researa$ heen uncovered that could lead to
significant advancement of the understanding of Wghdcesses as well as information
processing and complex cognitive process, suclo@apehension.
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1. Introduction to Working Memory Literature

The research leading to the construction of workimgmory (WM) models has taken many
forms, using various techniques. Still, there agynunanswered questions. The most basic
of which is, “What is working memory?” Through therrent review of different models and
conceptualizations of WM a number of more specjfiadd perhaps more intriguing,
guestions worth pursuing as a basis for researeh &iasen. The goal of this manuscript is to
enlighten the reader in matters of WM and anchestians in the literature regarding WM.

When first investigating the different models of Wivie might seek to simply compare and
contrast a few theoretical models and have a velgtcomplete understanding of what WM
entails. One may even naively believed that afteth@ough literature review a good
understanding of the meaning of the teworking memory could be derived. The reader
might hope to understand if WM is a capacity oetdf processes, whether it is solitary or
based on multiple components and whether it is dorepecific or a general feature of
memory.

What one finds is that all of these questions H@een addressed in the research literature and
that there is evidence for both sides of each efabhove dichotomies. As it turns out, it is
more efficient to describe the evolution of WM theand then to analyze the research that
has perpetuated that evolution.
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2. Primary Memory

In his writings, the British philosopher John Locleferred toretention as a faculty of the
mind. According to Locke [1], retention occursiop ways.

“First by keeping the idea which is brought to meiit, for some time into view, which is
called contemplation. The other form of retentisrthe power to retrieve again in our mind
those ideas which after imprinting have disappeasetiave been as it were laid aside out of
sight...This is memory which as it were the storelecafsideas [1].”

The similarity between Locke’s two forms of retemtiand the concepts of primary versus
secondary or short-term versus long-term memorl/beitome quite clear in this discussion.
These ideas are still the basis of most theorig®mis of the simple distinctions between
memory systems.

William James [2] coined the terprimary memory to describe the “specious present.” The
term specious present is often interpreted as our awareness of thoughtoobsciousness.
James used the wosgecious to describe primary memory because he felt thatamuld not
be certain about the accuracy of one’s thoughts. g@usonal interpretations have an effect
upon the precision of the information that is heidconsciousness. In 1965, Waugh and
Norman [3] revived the term primary memory as veslthe term secondary memory. The
term primary memory described a theoretical systesponsible for short-term storage that
was limited in capacity, and in which informatiendasily displaced by new information. The
original information is displaced unless conscigugld in primary memory through means
of rehearsal. They also stated that rehearsal heasnechanism that transferred information
from primary memory to secondary memory. Secondaeynory refers to a hypothetical
long-term memory system. The tasks used to meaghod-term memory likely reflected
processes involved in both primary and secondamnong while delayed recall tasks most
likely reflect only secondary memory. This viewtbé two basic memory systems is still an
important construct in cognitive psychology. Thisvident when one reads any introductory
psychology or education textbook.

3. Short-Term Memory

The concepts of primary and secondary memory, thaidl important in terms of views
concerning the limitations, capacities, and proeesdg the memory systems, eventually gave
way to the concepts short-term andlong-term memory. It appears as though this change of
terms came about because the connotations ofriine f@imary and secondary are somewhat
misleading. Waugh and Norman [3] believed that imiation or memories needed to pass
through the primary memory before they could beestin secondary memory. However, this
view does not account for memories that are stamedecondary memory that were not
rehearsed in primary memory. Examples of thesestygf memory are episodic memory,
procedural memory and implicit memory. Therefoheré was a shift from use of the term
primary memory to the use of short-term memory #redname change indicated how the
view of this memory system shifted. No longer sasithe “first” memory system, short-term
memory came to be seen as a place where informatsnbriefly held. Secondary memory
now came to be seen as long-term memory whereniafoon is stored for a long period or
even indefinitely.

4. Working Memory

Atkinson and Shiffrin [4] described the short-testore as a combination of storage and
control processes. The term short-term memory (STéfgrred to experimental situations
designed to measure short-term store. Their resdactto the theory regarding a control
process beyond verbal rehearsal accounting forr atfeanory strategies. In order to better
describe STM and the control processes involvednadn and Shiffrin introduced the term
working memory.
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The Atkinson and Shiffrin [4] model of working mengo(WM) describes the storage and
processing of auditory, verbal and linguistic imh@tion. Atkinson and Shiffrin proposed that
WM contained an auditory, visual and language (Aj\storage buffer and that storage and
control processes utilize a shared resource. Htdrelitly, there is a limited amount of
resources available to WM, if the resources aragbased to process information, then there
will be less to devote to the storage of A-V-L infation. This led to the view that WM is a
flexible yet limited system.

Atkinson and Shiffrin also raised the possibiliiyaovisual buffer however, there was not a
great deal of evidence for this aspect of WM amdribtion of multiple temporary buffers was
set aside. The model came to be viewed as housimgke system for processing and storage
of information.

This new view of the processing of information atmg in WM intrigued many researchers.
Craik and Lockhart [5] elaborated the idea of WMagsrocessor. Their theory stated that the
level at which information was initially processddtermines ease and accuracy of later
recall. This theory came to be known as the LegéRrocessing Approach. In the Levels of
Processing Approach WM is the cognitive proces$be processes in this system include
rehearsal, but also include semantic and lexicdgments, as well as phonological and
graphical decisions. Craik and Lockhart felt tHas tleeper levels of processing (e.g., when
semantic and lexical judgments are involved) ledbgtdter retrieval. Deeper levels of
processing create more connections to the infoomatior example, if the information being
processed in WM is an elaboration of previous keaolge the new information may be better
organized once encoded in long-term memory.

It may not be widely recognized that the levels ppbcessing approach made a clear
distinction between WM and long-term memory (LTMyt it most certainly did [6]. WM is
the location where the processing of the infornmatekes place. LTM is the location where
information is stored. The relevance of the compuatealogy and the connection to the
information processing models is quite evidenthis statement. In the computer analogy of
the information processing model WM is seen ascrgral processing unit (CPU) where the
data is input, manipulated and then passed todhegdrive (LTM) for permanent storage and
later retrieval. This analogy also connects usi&doncept oéctivated LTM in which WM is
seen as the currently activated portion of LTM.sSTWill be discussed in detail later in this
manuscript.

4.1 Measuring Working Memory: The Reading Span

Daneman and Carpenter [7] designed a task thatrdpeyted to be a measure of WM span.
This task purported to tap into both the processind storage capacities of WM. The task
involves the subject reading a number of unrelaeaences and then being asked to recall
the last word in each sentence. The number of fimaids the subject is able to recall
successfully is said to be the subjects “readingnsSpThis reading span according to
Daneman and Carpenter reflects a limited capactitlyepability to process text. Daneman and
Carpenter assumed the system that is constraindeebg limitations is that of WM.

Just and Carpenter [8] expanded this model of Wha igeries of studies in which they
correlated reading span with reading times. King dust [9] preceded the Just and Carpenter
study by measuring reading times for simple sem®@nd sentences that are more complex.
Based on this design for measuring reading timest,ahd Carpenter found that subjects with
low reading spans took longer to read complex seet than subjects with high reading
spans. Also high reading span subjects times vem® dffected by concurrent memory load
tasks. The implication is that high reading spdrjestis have larger WM capacity than shorter
span subjects and have a greater amount of resoavadable for processing and storage.

This led Just and Carpenter [8] to describe a th@brcognitive capacity limited by an
available amount of activation. This budget of \ation can be allocated flexibly but the
amount of budgeted activation that has been aldcaiust, for any new processing or storage



Christopher A. Was 222

to occur, be reduced in some existing activatiar. é&xample, during reading tasks for new
representations of later text to occur earlier texresentations must be eliminated to allow
for new representations of the later text. The irmpdpan task is thought to measure the
activation budgeted in reference to language congmsion.

The Just and Carpenter [8] theory focuses on the idat reading span is a measure of WM
capacity specifically in regards to language preices However, several other researchers
have shown that reading span correlates highly wilier tasks. This is especially true of
tasks that require processing and storage of irdtam.

Baddeley, Logie, Nimmo-Smith and Brereton [10] ded a task, using sentences that were
much less complex than the Daneman and Carpeijteeiifences, to create a variation of the
reading span task. The sentences in the task eithde sense (i.e., could be judged as true)
or were non-sense sentences (i.e., could be judgddlse). Participants were required to
judge whether the sentences made sense or notchsseatence was presented. After the
sequence of sentences was complete, participante wexjuired to recall either the
grammatical subjects or objects of the sentencRarticipants were not told in advance
whether the subjects or objects would be the itefmecall. Because of this a heavy memory
load was placed on the participants as well a®egssing requirement based on the judgment
of sentence content.

Baddeley, et al. [10] found that this form of tleading span task was highly correlated with
measures of comprehension. Case, Kurland and égdibl] had devised a “counting span”
task and Baddeley, et al. found that this task laigbly correlated to the revised reading span
task. Logie [7] claims that this is evidence tlesiding span, as a WM measure, may not only
be applied to language processing, but is mordylikeneasure of a general purpose system
for processing and temporary storage. Recent iiga&ins have led to the construction of a
number ofcomplex span tasks designed to capture the storage and prageskinformation

in WM [12. 13].

5. The Multiple Components M odel

Baddeley [14] and other researchers have argued thi® general-purpose system is
comprised of multiple components. The most oftéedcresearch is that of Baddeley and his
colleagues Hitch and Logie [15, 16]. Baddeley refier his model as a multiple component
model of WM. According to this model, WM consists raultiple specialized components

that allow humans to comprehend, interact witheéheironment, represent information, and
retain information about the immediate past andadtertain goals.

The three major components of the original modelthe Central Executive, the Phonological
Loop, and the Visual-spatial Sketchpad. The two prary memory systems or slave
systems, the phonological loop and the visual-apskietchpad, are used to maintain memory
traces that overlap with sensory memory using mslaéan the phonological loop and image
generation in the visual-spatial sketchpad. Therakmexecutive controls features of WM
such as the coordination of the two slave-systamtsntion, focus, and attention switching, as
well as activation of long-term memory [17]. Impamtly, Baddeley does not believe that the
central executive is used for any temporary stocdgeformation.

Baddeley contends that each of the slave-systemsatso be broken down into two
subsystems. The phonological loop, for example ban fractionated into a passive
phonological store and an active rehearsal pro@éssphonological store represents material
in a phonological code that decays with time unldss material is processed through
rehearsal. Baddeley sites not only neuropsychadbdiedings [14], but also nueromimaging
findings [18] to support his claim. The visual-3phtsketchpad is also fractionated into
passive and active subsystems. Logie [6] refethdése as the passive visual cache and an
active inner-scribe.
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In more recent versions of the multiple componentslel [16, 19] Baddeley includes an
episodic buffer. In these versions of the modes, épisodic buffer is a storage system that
uses multimodal elements to coordinate the slagéesys with LTM. Baddeley [19] stated
that when considering recall of prose the episduifer can be compared to Ericsson and
Kintch’s [20] proposed LTWM. This leaves the ceheaecutive as an attention system not
limited to WM processes.

The usefulness of the visual-spatial sketchpadthaedghonological loop is that the passive

aspects overlap with sensory memory and percepdiget up a more durable memory trace

(although still very short in duration). These meynimaces can then be acted upon, or not, by
the active rehearsal mechanisms. It appears éhaiarsal is not a necessary condition for
WM via the central executive to process informatiblowever, rehearsal can be used to
prolong access to information as well as enhandenpeance.

At this point the reader might ask, “How, if thepeaity of the two subsystems is very limited
and the central executive has no storage capacdy, one hold large amounts of
information?” More importantly, “How can such a shwapacity account for the ability to
process great amounts of information in highlylekiltasks or the processing of experts in a
specific domain?”

Baddeley [17] stated that WM can utilize temporatgrage in systems other than the two
slave-systems. He discussed the recency affeciivi as a relatively automatic process
coupled with specific and active retrieval processghat is, information that was most
recently stored in LTM is the first to be recallddhe recency effects, as well as the primacy
effect, have been demonstrated in LTM studies a ageWM. In WM the majority of
evidence is based on studies involving word listss is also the case for evidence regarding
the primacy effect in LTM, but Baddeley contendattthis effect can be extended beyond
just simple lexical items to high-level semanticustures including complex schema and
procedural memory. The inclusion of the episoditfdyualso helps to explain the expansion
of capacity for complex cognitive processes.

Ericsson and Kintsch [20] claimed that the mechasi®f short-term memory (storage in
WM) can account for WM in unfamiliar activities, thaannot account for the necessary
storage capacity for WM in skilled complex actiegi According to Ericsson and Kintsch,
storage in WM can be increased and is one of méillg sndividuals attain during skill
acquisition. This increase in WM is aided by adita of procedures and schema stored in
long-term memory. Ericsson and Kintsch refer tostlis long-term working memory
(LTWM). LTWM, also known as expert memory, is domapecific and limited to the skilled
activity in question. The fact that LTWM is acqurémplies that there are significant
individual differences and differences in the skithr which it can be acquired.

Although LTWM is domain specific, in those taskswhich it has been acquired the expert
will have greater storage resources for the infélonato be processed because the slave-
systems will be free from the storage of the procesl necessary to perform the task. The
research involved in developing these hypothese8&xdeley and others to the conclusion
that the central executive does not posses a staaggacity, but that WM as a whole employs
the slave-systems and other resources for stofagié.and Logie [21] designed a study to
determine if this hypothesis could be backed upiecafly. The most important finding of
this study was that a demanding processing taskvitadilly no effect on the capacity of
storage.

The major problem of hypothesizing the central ekge as only a control structure is that
many will regard the central executive as a homluscuBaddeley [19] himself has
acknowledged this shortcoming. Baddeley’s earlykwimcused on the central executive’'s
function of controlling the two slave-systems. btempts to clarify the central executive’s
role, his later work began to focus on the cergsacutive’s other functions including the
capacity to focus attention, to switch attentiang & activate long-term memory.



Christopher A. Was 224

Baddeley and Logie [16] acknowledge that WM is elpgelated to attention and that the
central executive is often seen as an attentigrsés). Baddeley even states that a better term
might beworking attention. Baddeley and Logie stated that is important tie loat attention

iS a non-unitary concept.

6. Attention and Working Memory

Posner [22] distinguishes between three differéentonal systems that control orientation,
alertness, and high-level attention. Posner’s exideis based on the study of anatomical
structures. Without going into a discussion of #@matomical structures involved, the three
systems involved include: (1) the system in contfobrientation which is based on a reflex
system or automatic process, (2) the system irraloof alertness refers to a system used for
focus to control elicited responses, and (3) tretesys in charge of high-level attention are
truly concerned with what an individual is focusiog in WM. Even if we consider these
processes to be under the control of the centedwgive, we have not gone beyond the idea
that the central executive is a mere homunculusngadecisions about to what to we should
pay attention. Posner provided detail about thectf environmental stimuli and spread of
activation patterns will have on the three atterdlosystems. Baddeley and Logie [16]
neglected to fully incorporate these systems iheodentral executive. Baddeley [19] argued
that attention processes in WM allow the organisnshoose from available options and to
select a particular strategy. The question remaio, does this differ from the Homunculus?

7. The Embedded Processes M odd

There is a great deal of evidence to support tietence of a phonological loop and a visual-
spatial sketchpad. However, how does one focusitaite or decide which information to
retrieve from long-term memory? Cowan [23, 24] s to answer these questions
concerning attention and activation in his Embed&edcesses Model of WM. The most
significant features of the embedded processes Inaoel¢hat information in WM comes from
“hierarchically arranged faculties comprising Iaegm memory, the subset of long-term
memory that is currently activated and the sub$etctvated memory that is currently the
focus of attention. [23, p. 62]” According to Cowtre focus of attention is controlled by a
voluntary process located in the central execu@wel involuntary processes that are
controlled by an attention orienting system.

On first review of Cowan’s embedded processes mtyaek is a great lack of information
concerning the processing of new information. Hosveas one reads further explanations of
how new information is handled by WM become cléais this author’s opinion that this
continues to be a weakness of his model, howefe=l ithat his views on LTM activation are
important. Therefore, | will focus on this aspethiz model.

Cowan [23] defines WM as any processing mechanis®ed ufor temporary storage,
availability, and processing of information. Hendgpwan’'s views of WM are more
concerned with the processes of WM and not theahchechanisms. This is an important
distinction in Cowan’s model and it is helpful tonsider Cowan’s views concerning the
activation of information from LTM to understandighdistinction. Cowan’s views of
activation are important in many models of WM tlwainsider the contents of WM the
activated portions of LTM. According to Cowan, [2#ifferent WM processes have different
capacities. The focus of attention, for examples hacapacity limitation. That is, only a
limited amount of information can be held in theds of attention, whereas activation of
information is time limited. If information that kadbeen recently activated is not attended to
the activation fades. Therefore, if informationesgnt and irrelevant to a specific task is
activated from LTM and the irrelevant informatiandttended to, there may only be enough
“room” in the focus of attention for that irrelevainformation. By the time this incorrect
information has been processed the relevant infiomanay not longer be activated.

Attention in this model is seen as the processihgame activated information to the
exclusion of other information. It is not possilie attend to information without it being
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active, but it is possible to activate informatiaithout it being attended to. This raises
pertinent theoretical and experimental questions: Hbw likely is it that irrelevant
information that has been activated will come itiite focus of attention? 2) If the contents of
WM are the activated portion LTM, how does the ooindf attention differentiate between
relevant and irrelevant information? 3) If focusatfention is a voluntary process, are there
individual differences in the ability to controltemtion? This last question has undergone a
good deal of research, but is still considering.

In an attempt to answer, similar questions Conway Bngle [25] propose the Resource-
dependent Inhibition model of WM. According to Canwand Engle most psychologists
have accepted that memory consists of two main ecments. However, they state that new
conceptions of memory assume that WM is simplyvatéd long-term memory. They also
state however, that the relationships among skont;tworking and long-term memory are
probably much more complex. There is an importastirgtion lacking in this viewpoint.
That is the distinction between WM and short-teremmory. | would agree with Conway and
Engle that the line between long-term memory aratreer memory system as the activation
of long-term has become blurred. However, thishis only article in which the memory
system considered the active portion of LTM is sierm memory. That distinction is
usually reserved for WM. In attempt to clarify fibve sake of this particular article Conway
and Engle, refer to the active portion of memorypasmary memory, and the inactive portion
of memory as secondary memory. These refer to Jaemass for the two memory systems
and reverting to these terms adds more to the smrfwf these concepts than clarification.

8. Activation of Long-Term Memory

Conway and Engle [25] operationalize memory adiivabased on Anderson’s ACT* model
[26]. This model will be discussed in greater ddder in this review, however for purposes
of discussing this article it is necessary for tbader to have a basic understanding of how
ACT* describes activation of memory.

ACT* assumes that WM is LTM that has been activdiegond some critical threshold of
excitation. Activation is considered a resourcehMimitations that occurs automatically and
spreads among related activated concepts. As that&mn of a concept reaches the critical
threshold, the concept becomes accessible. Asafictivincreases so does accessibility.

Conway and Engle [25] argued that primary memormeamory that has been adequately
activated to be readily accessible and secondarpaneto be memory that has not been
activated to the critical threshold. Again, thegeerational definitions leave ambiguity

regarding distinct memory systems. If, as the lewél activation increases so does
accessibility, how can one make a clear distinchietween primary and secondary memory?
According to this operational definition, would nbt be the case that when a memory is
activated beyond the critical threshold and thetersnprimary memory there are also levels
or degrees of accessibility in primary memory? Thisuld then render their attempts to

distinguish retrieval from primary memory vs. sedary memory rather difficult unless they

attempt to keep the level of activation in primargmory constant.

Conway and Engle [25] after review of the activatiderature conclude that the general-
capacity model is the best explanation of the i@iahip between WM capacity and LTM
activation. They also conclude that this relatigpss one in which WM is equivalent to the
amount of activated LTM. The level of activatiorthsit which will differ among individuals.
This raises the question of whether the amounttation varies within individuals. Cantor
and Engle [27] contested that individual differenae the capacity of WM exist because of
the available activation of LTM. If this statemeastrue, high and low capacity WM subjects
should show different patterns of results in retletasks. This would be the case if the
specific amount and levels of activation could latmlled. The argument is not that a
difference of retrieval from primary versus secaydamemory cannot be found, but that a
precise difference would be difficult to ascertain.
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Conway and Engle [25] designed a series of expertisn® determine the difference between
primary and secondary memory retrieval. The secessues concerns whether WM capacity
plays a role in memory retrieval. Once again ineortb avoid detail Conway and Engle

suspected that retrieval from primary memory cdadi®f a search of the learned material.
Retrieval from secondary memory consists of a $efincthe list containing the specific item

and then a search of primary memory of the acti/ase for the specific item. Once again, it

appears that Conway and Engle are making a digtimbetween the process of WM and the
storage capacity of STM.

The findings of this series of experiments aregatinlightening. First, the time to retrieve a
set from secondary memory into primary memory ditvary with set size. This implies that

activations of learned sets were in the form ofesgivation. Second, WM capacity had no
effect on retrieval time from secondary memory. Wispacity did have an effect on the

search time on the set of information that wasvaat primary memory but only when there

was an overlap of set members was this effect fo@mhway and Engle ask their readers
why this might be the case. Their explanation seldeon inhibition.

It is necessary at this point to discuss Conwaytmgle’s [25] findings in the context of their
research questions. First, they asked if retriereah primary and secondary memory is based
on the same process. Citing Wickens, Moody and [#8}, Conway and Engle expected
retrieval from secondary memory to be a two-stagegss, with the first stage being the
retrieval and activation of information concernthg entire list of items containing the one to
be retrieved. The second step would be the segr¢henlist now in primary memory for the
specific item. Wickens et al. (1981) claimed tha step necessary to retrieve the list from
secondary memory would not vary in retrieval timeether the list consisted of two items or
four items. Conway and Engle found that there waglifference in retrieval time if the list
was 4, 6, 8, 10, or 12 items in length. Howeveer¢hwas a set size by delay of cue
interaction if a set size of two was included ia #nalysis. It is unclear why this would occur
and Conway and Engle did not address this quesitber. What they do conclude is that in
set sizes of greater than four they affirm Wickenal.’s conclusion that the process involved
in retrieval from primary memory is different frothat of secondary memory since set size
has no effect on retrieval time from secondary msmbut does have an effect primary
memory.

Another interesting conclusion of Conway and Eng is that set size of four is below WM

span and a set size of 12 is supra-span for therityapf their research participants. The fact
retrieval time from secondary memory did not intéraith group (that is high versus low

span subjects) retrieval from secondary memory a&ing information available to primary

memory must be an automatic process. They condlideis evidence that activation of

information in secondary memory is not a capadryited process and that activation of
information in secondary memory is in lists or cksiwhen applicable.

Conway and Engle [25] did find that WM capacityeirgicted with set size on retrieval time
when membership in the sets of to be learned am@wved information overlapped. High-
span subjects were not as affected by overlap énsiits. One is led to conclude that
interference is the cause of this interaction amat high-span subjects must be better at
eliminating interference when searching for setoimfation. What Conway and Engle
conclude is that when sets overlap activation sisréa the irrelevant set. According to this
view in the experiments in which no overlap occdriggh and low-span subjects were
relying on the automatic process of activating tinfation in secondary memory. In the two
experiments in which overlap was present activaspread not only to the relevant set but
also to the irrelevant set of information. High-spsubjects, who presumably have more
available attention resources, used these resoumcashibit the activation of weaker
irrelevant information. Low-span subjects who da ihave the resources to inhibit the
activation of irrelevant information allowed thisformation into primary memory and
completed a serial search of both the relevantiaaigvant lists before being able to confirm
the information they set out to retrieve.
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Bjork [29] described inhibition as an importantaptive memory mechanism. He argued that
inhibition occurs in two distinct ways: (1) sups®s, an active process that is directed at the
to-be-inhibited information to enhance the pos#ibdf achieving some specific goal and (2)
blocking, occurs when an increase of activatioomne bit of memorized information blocks
or inhibits activation of other information. Bjodonsidered this an automatic process.

Conway and Engle [25] argued that suppression,usec& is an active process must be
resource dependent and that these resources woulteravailable if attention is otherwise
being spent in other processes or if the indivichasd a smaller WM capacity to begin with.
Blocking, on the other hand, is similar to actigatiin that it is an automatic process.
Suppression must explain the difference betweeln &gl low-span subjects in the portion of
their experiments where overlap between lists gecurThis view of inhibition as two
separate processes, one automatic and the otlwrtlied limited capacity, are similar to
Posner’s [22] view of the separate mechanismsteh@bn. All of these views lead to some
interesting research questions. First, what is¢l&ionship between attention, activation, and
inhibition? Second, are activation from primarystwort-term memory and suppression truly
controlled limited capacities?

Engle and his colleagues later expanded on thesss itb the point that they equated the
importance of attention with general fluid intedigce [30]. Engle, et al. reflected on previous
research findings and the questions that haveaenfled Engle’s research. These questions are
“what accounts for individual differences on measuof WM capacity?” and “What is
measured by the complex tasks that is also impowamigher-level cognitive tasks?”

To answer these questions Engle et al [30] dest® as a system that consists of the
long-term memory traces that are currently activasdove a threshold, the processes
involved in achieving and maintaining activatiomdacontrolled attention. If one recalls
Conway and Engle’s [25] view of WM as the portidractivated LTM we see that there has
been a bit of evolution in Engle’s view of WM. Inshview, WM still consists of activated
LTM, but there are now also some processes invabesend just that activation. However,
Engle has more recently defined WM capacitytlaes capacity for controlled, sustained
attention in the face of interference of distraction. Individual differences in WM capacity then
reflect differences in the ability to control atfiem during tasks that require controlled
attention. Therefore, if WM consists of the portmfiLTM that is activated above a threshold,
then WM capacity is the ability to bring these eatied memory traces into focus and hold
focus on the task relevant memory traces in the édalistraction.

9.ACT-R

The ACT R theory of cognition is a fixed computat architecture that applies to all
cognitive tasks [31]. In the ACT-R architecture atreates models for different cognitive
tasks. The difference among the models is not #ne i which information is processed, but
instead it is the information initially stored ielation to the task. This initial knowledge
includes the facts and skills that are necessarthéotask to be performed.

In order to understand how the initial knowledgstmed we must examine the major aspects
of ACT-R. The ACT-R system consists of both symbolind sub-symbolic aspects.
Knowledge is represented symbolically and procested act upon knowledge are
represented sub-symbolically. In order to discuss ACT-R perspective of WM it is
necessary to describe the two symbolic representathat make up knowledge in the ACT-R
model.

Declarative knowledge is represented as a netwérknterconnecting nodes. This is a
common representation of declarative knowledgehi& memory literature. The ACT-R

system representation of procedural knowledge & ®of a set of productions. Each
production represents a condition for action. Thedpctions take the form of IF-THEN

statements. IF a specific condition relevant totésk is present, THEN a specific action is to
be taken.
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The processing of declarative knowledge and praegdmowledge is directed by the current
goal of the system (for example determining thedpobd of the multiplication of two
numbers). According to the ACT-R model the currgoal contains the information in the
focus of attention and is based on a declarativke sbructure. It appears that the contents of
the focus of attention are established by prevposessing, for example, upon completion of
one production in the completion of a task the nerdduction is set up. Environmental
stimuli may also cause the switching of attentiordifferent focus. This explanation of the
focus of attention is reminiscent of Posner's [25pdel of the attention mechanism or
processes.

In order to explain how productions are selectaduie Lovett and Anderson (1996) discuss
the expected utility of a production. According ltovett and Anderson, each production
represents a separate unit of procedural knowlemly the environment regulates the
processes acting on this knowledge. The processle€ting among several problem-solving
activations is equivalent to selecting among séwvamaduction instantiations (a production
mapped onto the specifics of the current situatiovett and Anderson, [32]). The selection
of a production instantiation is based on the pbdlha of success and the lowest expected
cost to the system. The system determines costebiidg which production actions will
result in ending closest to the final goal as vealltheir probability of success. Therefore,
ACT-R is more likely to select the production indtation that is most likely to take the
current state closest to the goal state.

ACT-R allows for the history of success to playededmining role. According to the ACT-R
model a production is one unit of procedural knalgke and therefore the history of success
information is stored at the production level. Higtof success is stored as the proportion of
times that the production has led to success ahdadaherefore determining the probability
of success.

Goals in the ACT-R architecture work as a filter fwoductions in that they are used to
measure which productions have the highest prababil bringing the system closest to the
final goal state. This filter uses the probabibfysuccess based on previous success as well as
the utility of the production in goal attainment determine which production should be
initiated.

Once a production has been selected, retrievaleckl® this production is attempted. The
production selected and the retrieval patterns witich it is associated affects retrieval, and
the declarative knowledge connected to the curgm@l. Anderson and others have
described the processes involved with the ACT-Rhitgcture in terms of mathematical

formulas[31] [33]. For this manuscript, | do noefet is necessary to describe the formulas,
but instead to discuss what they represent in tefrastivation of memory and WM.

According to the ACT-R architecture each node iolalative knowledge has a base-level
activation that influence its’ accessibility. Eawbde is given its’ base-level activation when it
is first stored. Each time the node is activatadrahitial storage it receives a boost to its’
base level activation. This boost can be thoughasfearning. These boost decrease as a
function of time, which can be considered forgeftinAccording to the model, nodes used
more often are more likely accessed because theynare accessible. Reflecting on this
leads us back to the Conway and Engle [25] studyhith | questioned whether the amount
of activation would affect the ability to retrieugformation above the threshold. If the reader
recalls, Conway and Engle operationalized theirceph of activation for that study based on
the ACT-R model, but did not allow for differingvels of activation.

Base level activation represents a node’s accéggiini the ACT-R model. However, base
level activation does not account for the effedtsantext on accessibility. According to the
ACT-R model, one’s goals represent the focus @néittn and hence serve to create context
effects, raising the activation of certain nodeslelarative memory relative to others. Past
use of a fact, along with its relevance to the enirigoal determine accessibility of the fact.
Therefore, familiar facts will be more accessililart unfamiliar facts and goal relevant facts
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will be more accessible that irrelevant facts. T@gations involved have been used to
successfully design and model experimental de$&stis

The processes involved in WM from the ACT-R persipecare the processes involved in the
attentional activation system that differentiallgtimates information relevant to the current
goal context. More simply put, WM processes ares¢hprocess that select which highly
activated nodes of declarative knowledge on whacfotus. It is apparent that both content
and processing are important to the ACT-R perspedf WM and that the basic mechanism
of WM is the spreading of activation which moreosgly affects nodes of declarative
knowledge that are closely related to the curreal.g

Finally, because the discussion has included resequestions relating to attention and
inhibition | thought it pertinent to investigate imothe ACT-R perspective views the
relationship of WM and attention. In the literatusggarding ACT-R and the earlier version,
ACT*, little is provided regarding the role of atteon. Lovett et. al., [31] stated that the
notions of WM and attention are closely relatedhia ACT-R perspective. However, this
relationship appears to be based in the hypothiesidhoth WM and attention are limited by
the amount of source activation available. Speddific the ACT-R architecture limits WM to
the amount of attentional resources available. Béwé the tasks used in research based on
the ACT-R model have been dual-task situations lmckv attention is divided among two
tasks and hence spread more thinly among a langéenof goal nodes.

Lovett et al. [31] stated that attention often reféo an aspect of motivation or alertness
suggesting that attention can consciously be dicedoward the current task. These
researchers admit that they have not modeled ythis attention in their interpretation of the
ACT-R model. Lovett et al. stated that varying #meount of source activation or determining
how it is shared among different components ofdineent goal could allow for inclusion of
this type of attention in the model. However, thikg not provide an indication of how this
could be completed, only stating that it would beeiesting to explore the issue of how
people control the allocation of attentional resegrinstead of the automatic allocation of
resources. An unanswered question is, “How dosstioidel account for the decision making
processes involved in the control of attention?”

One final aspect of WM that worth requires attemtihe domain specificity of WM.
Daneman and Tardiff [35] argued that individuafeliénces in WM are domain specific and
not based on a common or general system. The eadbat they cited for this conclusion is
that measures of verbal WM, not visual WM are digant predictors of reading
performance. Daneman and Carpenter [7] contendsdettecutive functions do not differ
among individuals; however, the storage capacitvtM does differ from person to person.
As was discussed earlier, Ericsson and Kintsch fgjcribe LTWM as a domain specific
component of the memory system where proceduresaremas for complex cognitive tasks
are readily accessed from LTM.

Turner and Engle [36] argued that WM is an indigdaharacteristic independent of the
nature of the task for which it is applied. As ende of this conclusion, researchers have
found that visual-spatial correlated as highly wigading scores, as did verbal tasks [37].
These findings suggest that WM capacity is not taimsed by the specifics of the task.
Swanson and Howell [38] found that age-relatededgiices on WM tasks were consistent
across verbal and visual-spatial WM tasks. The losian then is that visual-spatial and
verbal WM tasks access one underlying system.

Before concluding, it is necessary to acknowledge fact that there are a number of WM
models that not specifically mentioned in this papéowever, the models described are of
great significance in the evolution of the modefsV8M. What was revealed in this
investigation is that there is a great deal of egrent about what the contents and processes
of WM may be. Even those who argue for alternatiesvs of WM have a tendency to use
evidence for the opposite views in their argumeifitee empirical evidence for WM as a
multiple component model is rather convincing.
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10. Conclusion

Working memory is the driving force behind comptmgnition. Science is just beginning to

understand the capacity and limitations that canstour ability to process information. As

this occurs, new questions arise: Is working menibmyd or can we improve our span? Is
working memory capacity the key to intelligence®BHmswer to these types of questions will
impact education, work-life and how we deal witt abe.

References

[1] J.J. Locke An Essay Concerning Human Understanding, (1975), Peter H. Nidditch
(Ed.), Oxford: Clarendon.

[2] W. JamesThe Principles of Psychology, (1890), Oxford, UK: Holt.

[3] N.C. Waugh and D.A. Norman, Primary memoRgychological Review, 72(1965),
89-104.

[4] R.C. Atkinson and R.M. Shiffrin, Human memo#proposed system and its control
processes, In K.W. Spence and J.T. Spefite, Psychology of Learning and
Motivation (Volume 2), (1968), 89-195, New York: Academic Press.

[5] F.ILM. Craik and R.S. Lockhart, Levels of preseng: A framework for memory
researchJournal of Verbal Learning and Verbal Behavior, 11(1972), 671-84.

[6] R.H. Logie,Visuo-atial Working Memory, (1995), Hove, U.K.: Erlbaum.

[7] M. Daneman and P.A. Carpenter, Individual difeces in working memory and
readingJournal of Verbal Learning and Verbal Behavior, 19(1980), 450-466.

[8] M.A. Just and P.A. Carpenter, A capacity theafy comprehension: Individual
differences in working memorfsychological Review, 99(1992), 122-149.

[9] J. King and M.A. Just, Individual differences syntactic processing: The role of
working memoryJournal of Memory and Language, 30(1991), 580-602.

[10] A. Baddeley, R. Logie, I. Nimmo-Smith and NreBeton, Components of fluent
readingJournal of Memory and Language, 24(1985), 119-131.

[11] R.D. Case, D.M. Kurland and J. Goldberg, Operal efficiency and the growth of
short-term memory spadournal of Experimental Child Psychology, 33(1982), 386-
404.

[12] A.R.A. Conway, M.J. Kane, M.F. Bunting, D.Z.akhbrick, O. Wilhelm and R.W.
Engle, Working memory span tasks: A methodologieliew and user's guide,
Psychonomic Bulletin & Review, 12(5) (2005), 769-786.

[13] M.J. Kane, D.Z. Hambrick, S.W. Tuholski, O. Mé&Im, T.W. Payne and R.W. Engle,
The generality of working memory capacity: A lateatiable approach to verbal and
visuospatial memory span and reasonidgyurnal of Experimental Psychology:
General, 133(2004)189-217.

[14]  A.D. BaddeleyWorking Memory, (1986), Oxford: Oxford University Press.

[15] A.D. Baddeley and G.J. Hitch, Working memorly G.A. Bower (Ed.)The
Psychology of Learning and Motivation: Advances in Research and Theory (Vol. 8),
(1974), 47-89, New York: Academic Press.

[16] A.D. Baddeley and R.H. Logie, The multiple quoment model, In A. Miyake and P.
Shah (Eds.)Modes of Working Memory: Mechanisms of Active Maintenance and
Executive Control, (1999), 28-61, Cambridge, England: Cambridge UssieiPress.

[17] A.D. Baddeley, Short-term memory for word seqces as a function of acoustic,
semantic and formal similaritQuarterly Journal of Experimental Psychology,
18(1996), 362-365.

[18] E.E. Smith and J. Jonides, Working memory:ig&w from neuroimagingCognitive
Psychology, 33(1997), 5-42.

[19] A.D. Baddeley, The episodic buffer: A new campnt of working memory™Prends
in Cognitive Sciences, 4(11) (2000), 417-423.

[20] K.A. Ericsson and W. Kintsch, Long term worgimemory,Psychological Review,
102(1995), 211-245.

[21] S.C. Duff and R.H. Logie, Processing and gjeran working memory sparthe
Quarterly Journal of Experimental Psychology, 54a(1) (2001), 31-48.



International Review of Social Sciences and Hunesiitvol. 7, No. 1 (2014), 219-231 231

[22]
[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]
[37]

[38]

M. Posner, Attention in cognitive neuroscienda overview, In M. Gazzaniga (Ed.),
The Cognitive Neurosciences, (1995), 615-624, Cambridge, MA, MIT Press.

N. Cowan,Attention and Memory: An Integrated Framework (Oxford Psychology
Series, No. 26), (1995), New York: Oxford University Press.

N. Cowan, An embedded-processes model of wgrknemory, In A. Miyake and P.
Shah (eds.)Models of Working Memory: Mechanisms of Active Maintenance and
Executive Control, (1999), 62-101, Cambridge, U.K.: Cambridge UrsitgrPress.
R.A. Conway and R.W. Engle, Working memory aattieval: A resource-dependent
inhibition model,Journal of Experimental Psychology, 123(4) (1994), 354-373.

J.R. AndersonThe Architecture of Cognition, (1983), Cambridge, Massachusetts,
Harvard University Press.

J. Cantor and R.W. Engle, Working memory c#éiya@s long-term memory
activation: An individual-differences approacdournal of Experimental Psychology:
Learning Memory and Cognition, 19(1993), 1101-1114.

D.D. Wickens, M.J. Moody and R. Dow, The natuand timing of the retrieval
process and of interference effecisyrnal of Experimental Psychology, 110(1981),
1-20.

R.A. Bjork, Retrieval inhibition as an adaptive rhanism in human memory, In
H.L.C. Roediger Ill, Varieties of Memory and Consciousness, (1989), 309-330,
Hillsdale, NJ, Erlbaum.

R.W. Engle, M.J. Kane and S.W. Tuholski, Irndival differences in working
memory capacity and what they tell us about coletolattention, general fluid
intelligence and functions of the prefrontal cortex A. Miyake and P. Shah (Eds.),
Models of Working Memory: Mechanisms of Active Maintenance and Executive
Control, (1999), 102-134, Cambridge, England: Cambridge&fsity Press.

M.C. Lovett, L.M. Reder and C. Lebiere, Modgiworking memory in a unified
architecture, In A. Miyake and P. Shah (Eds$Vodels of Working Memory:
Mechanisms of Active Maintenance and Executive Control, (1999), 135-182,
Cambridge, England: Cambridge University Press.

M.C. Lovett and J.R. Anderson, History of sesg and current contextin  problem
solving: Combined influences in operator select@ognitive Psychology, 3(1996),
1168-217.

J.R. Anderson, L.M. Reder and C. Lebiere, Vilmgkmemory: Activation limitations
on retrieval Cognitive Psychology, 30(1996), 221-256.

J.R. Anderson and M.P. Matessa, A productigstesn theory of serial memory,
Psychological Review, 104(1997), 728-748.

M. Daneman and T. Tardiff, Working memory ame@ding skill re-examined, In M.
Coltheart (Ed.)Attention and Performance 12: The Psychology of Reading, (1987),
491-508, Hilldsdale, NJ, Lawrence Earlbaum.

M.L. Turner and R.W. Engle, Is working memotgsk dependent3dournal of
Memory and Language, 28(1989), 127-154.

J. Cantor, R.W. Engle and G. Hamilton, Shertst memory, working memory and
verbal abilities: How do they relaté&®elligence, 15(1991), 229-246.

H.L. Swanson and M. Howell, Working memorypshterm memory and speech rate
as predictors of children’'s reading performance dédferent ages,Journal of
Educational Psychology, 93(2001), 720-734.



